The objective of the present work is to study the root causes for the cracking and material detachment from the external surface of a 10 metric tons high-strength low-alloy steel ingot after solidification and annealing processes. Failure analysis investigations were conducted on different samples from the cracked areas as well as from non-cracked ones. A combination of optical and electron microscopies, x-ray diffraction, and microhardness techniques were used to study and analyze the nature, morphology, and composition of the different microstructural components in the cracked regions. Thermodynamic software, Thermo-Calc Ò was used to corroborate and interpret the experimental findings with the existing theories. The results indicated a strong intergranular character of the cracks accompanied by the presence of second-phase particles at prior austenite grain boundaries. Segregation of chromium and manganese was demonstrated through local chemical analysis of the grain boundaries. It was concluded that a rapid cooling rate combined with the weakening of grain boundaries was at the origin of crack initiation.
Introduction
High-strength steels used for critical applications in energy and transportation industries have very-high-quality requirements. Obtaining high-quality steel products requires suitable properties with a minimum level of defects. For example, for critical applications such as turbine shafts, the material must be free of any microcrack-or crack-sensitized microstructural conditions. Therefore, the occurrence of such defects during the manufacturing process must be avoided, as it will result in additional inspection steps, repairs, or even scrapping of the entire ingot. For large-size steel ingots, it has been reported that cracking may appear during casting [1] , forging [2] , and/or heat treatment [3] operations. Among the above steps, casting is the most important one due to the complex heat and mass transfer phenomena that occur during solidification which result in shrinkage, micro(macro)segregation, phase transformations, generation of significant local stresses, etc., and may lead to cracking upon solidification. The sensitization of the microstructure after solidification could be the source of cracking during subsequent forging and quench and temper operations.
Due to both technical and economical importance of the topic, many researches have been devoted, in recent years, to understand the root causes of this phenomenon. Depending on the location, size, and morphology of the crack, three major sources and mechanisms have been proposed:
1. Precipitation of secondary phases such as sulfides [4, 5] , aluminum nitrides [6] , or phosphorus segregation [7] . Generally, these phases are observed at the grain boundary regions and result from the segregation of alloying elements. 2. Hot cracking (or hot tearing) is another important mechanism in inducing cracking in castings [8] . In this case, cracks initiate by the voids created because of the combined effects of solidification shrinkage and incomplete liquid feeding from the mushy zone. 3. Thermal stresses developed during solidification and cooling of the ingot could also be at the origin of crack formation [2, 9, 10] .
The large number of material and process parameters during casting of large-size ingots considerably influences the susceptibility to crack initiation of high-strength steels and the identification of the cracking mechanisms, and hence, minimizing or avoiding their occurrence presents many challenges [8] . In the present work, a comprehensive study on cracking in large-size castings of a medium-carbon high-strength steel AISI 4317 (17CrNiMo6) used for turbine shaft applications has been carried out. The root causes and possible cracking mechanisms are discussed with the view to propose solutions for avoiding the occurrence of such defects. To this end, cracks in different locations and with different sizes were systematically characterized and analyzed using a combination of techniques such as x-ray diffraction, microhardness, optical and electron microscopies, and chemical mapping to examine the samples and interpret the results.
Experimental Procedure
The detached block ( Fig. 1 ) was obtained from a 10 metric tons (MT) fractured cast ingot of a medium-carbon highstrength steel. The ingot had 86 cm diameter and 320 cm length. The material for the study was provided by Finkl Steel-Sorel, Quebec, Canada, and its nominal chemical composition is given in Table 1 . The casting was performed using bottom pouring in a cylindrical cast-iron mold at a temperature around 1570°C. In this work, the crack examinations were carried out on the detached block from the external surface of the ingot after solidification and annealing steps. For sample preparation purposes, the detached block was initially machined from both sides. Then, it was cut in five smaller blocks, as shown in Fig. 2a . Finally, several samples, with the dimensions of 10 9 15 9 15 mm 3 , were collected from the upper parts of these small blocks (Fig. 2b) . For microstructural characterizations, after mounting, samples were polished with SiC paper from 240 to 1200 grade, finished with 1-lm diamond grain paste and etched with 3% Nital solution. For optical microscopy observations, an Olympus LEXT OLS4100 laser confocal microscope was used. For scanning electron microscopy (EDS) characterizations, a Hitachi SU-82 Cold Field Emission Gun, at 15 kV equipped with energy-dispersive spectroscopy (EDS) capability, was employed. Phase identifications were carried out using an X'Pert3 MRD PANalytical x-ray diffractometer with CuKa radiation, with a step size of 0.0668451°of 2h, complemented with Vickers microhardness, according to the ASTM standard [11] , with a load application of 50 g. Finally, Thermo-Calc Ò thermodynamic software was used to predict the nature of phases that could be formed in the temperature range 25-1600°C.
Results
The observation of the fracture surface of the detached block ( Fig. 1 ) revealed grains with elongated morphology over the entire fractured zone. These elongated grains probably belong to the columnar zone in the cast ingot [12] . The microscopic examination also revealed that crack propagation follows the columnar grain boundaries, which is the sign of an intercolumnar grain boundary character. Also, analysis of the cut surface of the small block number 4, as shown in Fig. 2b , revealed that the cracks propagate inside the detached block until a certain depth which is indicative of the occurrence of internal crack propagation. On the other hand, Fig. 3 presents the optical micrograph of a sample taken from the small block number 3 (Fig. 2a) . In this case, it can be seen that the upper part of this sample was detached and the cracks are very visible and seem to follow the grain boundaries. The analysis of the microstructure shown in Fig. 3 revealed the presence of two phases, a white color phase and a contrasted darker one. It also revealed a dendritic morphology of white phase in some regions of grain boundaries. These findings are in agreement with previous results on the AISI 4317 [14] . Vickers microhardness measurements showed that the white phase presents a microhardness of 177 ± 15 HV, whereas the hardness of the more contrasted phase is in the range 350 ± 24 HV value. The white ductile phase is present in small proportions distributed homogeneously on the surface of the simple. However, this zone seems to be more concentrated close to grain boundaries and therefore Fig. 1 Fracture morphology of the detached block from the external surface of 10 MT high-strength steel ingot the intergranular cracks. Examination of the cracked zone at higher magnification, as shown in Fig. 4 , confirmed that the white phase is not totally continuous around the cracks. Figure 5 presents a zoom of the region marked by a square in Fig. 3 . In addition to the two distinct observed phases, a third phase in the form of precipitates is observed within the white phase and at its boundaries. ThermoCalc Ò simulation presented in Fig. 6 shows the different phases that could be formed in the investigated steel in the temperature range 25-1600°C. In addition to ferrite, austenite, and liquid phases (Fig. 6a) , other secondary phases such as sulfides, nitrides, carbides, and phosphorus could be formed (Fig. 6b) . However, carbides such as M 23 C 6 and M 7 C 3 present the highest amounts as secondary phases. X-ray diffraction diagram revealed only the presence of body-centered cubic (BCC) phases, as illustrated in Fig. 7 . Scanning electron microscopy observations of the fracture surface (Fig. 8a) confirmed the intergranular character of the crack propagation and the presence of precipitates. Furthermore, EDS chemical mappings, reported in Fig. 8b , shows the presence of chromium-rich precipitates scattered inside the thin intergranular cracks. Also, EDS chemical mappings around large cracks revealed continuous bands of chromium-and manganeserich precipitates on both sides of the crack as shown in Fig. 9b and c, respectively. 
Discussion
The cracks were observed after the post-casting annealing heat treatment, which means that they could have been initiated and propagated during solidification or/and annealing processes. Therefore, all possible sources for cracking during these two processes must be systematically analyzed. Microhardness measurements of the white phase are in good agreement with those reported for alloyed ferrite phase [13, 14] , indicating that the white phase is mostly composed of a rich ferritic phase. The presence of alloyed ferrite at prior austenite grain boundaries has been reported in AISI 4317 steel by previous authors [14] . It is well known that substitutional alloying elements such as chromium, nickel, and manganese have high solubility in ferrite: unlimited, 10 and 3 wt.%, respectively [15] . Such solid solution tends to increase the yield stress of ferrite and therefore the hardness compared to non-alloyed ferrite. Microhardness measurements of the more contrasted phase (350 ± 24 HV) correspond to that of a bainitic phase [13, 16] , suggesting that the contrasted phase is bainite. These findings are in good agreement with x-ray diffraction results which revealed only the presence of body-centered cubic (BCC) peaks. The revealed ferrite phase corresponds to pro-eutectoid ferrite probably formed during the cooling of austenite. The Fig. 6 Evolution of the different phase fractions vs. temperature obtained, using Thermo-Calc Ò calculations, for the chemical composition of Table 1 : (a) all the phases and (b) secondary phases important quantity of pro-eutectoid ferrite present close to the grain boundaries is probably due to its preferential nucleation in these zones [17] . Thomas et al. [1] analyzed cracks initiated during the early stages of reheating in a cast steel ingot. They found that, in general, cracks were located in regions where bands of pro-eutectoid ferrite were present within the ferritic-pearlitic structure. They also reported that these bands were precipitation sites for (Fe, Mn) silicates, (Fe, Mn) sulfides and Fe oxides.
Microstructural analyses reported in Figs. 8 and 9 did not reveal the presence of the most common secondary phases responsible for hot cracking such as manganese sulfides [4, 14] and aluminum nitrides [6] . In contrast, EDS analyses revealed chromium-rich precipitates in thin intergranular cracks. The possible formation of chromium carbides is in good agreement from a thermodynamic point of view as confirmed by Thermo-Calc Ò analysis. On the other hand, it is well known that the diffusivity of chromium and manganese is quite significant at high temperature in austenite as compared to nickel [18] . Therefore, the concomitant presence of chromium and manganese on both surfaces of large-size cracks (Fig. 9) could be attributed to the formation of chromium and manganese oxides due to intense oxygen diffusion through the cracks [3] .
The majority of the observed cracks in this study were intergranular, indicating an important weakening of grain boundaries, similar to the embrittlement phenomenon due to aluminum nitride precipitates reported for low-alloy cast steels [19] . Therefore, the segregation of chromium and manganese at the grain boundaries could be one of the root causes of this weakening. Moreover, the detection of cracks in the columnar zone is a strong indicator of a high cooling rate during solidification. It is well known that the as-cast microstructure, depending on the temperature gradient, is composed of three zones: chill, columnar, and equiaxed [12] , with the high cooling rate occurring in the columnar zone. Such high cooling rates are at the origin of important thermal stresses as reported by many researchers [9, 10] .Therefore, the combination of weakened grain boundaries and a fast cooling rate could be at the origin of crack initiation. In addition to the above factors, the contribution from austenite to ferrite transformation in the development of tensile stresses and therefore crack initiation has to be considered [1] . However, the degree of such stresses is very dependent on the rate of cooling and reheating undergone by the ingot.
Conclusions
Experimental characterizations were carried out to understand the root causes of cracking in an as-cast and annealed high-strength low-alloy steel ingot. The mechanisms of crack initiation have been identified as the result of high cooling rates combined with weakened grain boundaries due to solute segregation. The obtained results also revealed the high sensitivity of the examined steel cooling rate during solidification. Therefore, this rate should be controlled with higher accuracy than the existing practices in order to avoid cracking.
